Reaction of oxygen reduction (1) is exothermic. Liberated energy can be consumed for the transport of suprastoichiometrical protons across the mitochondrial membrane by cytochrome c oxidase or released as heat by a cyanide-insensitive alternative oxidase in plant mitochondria. The energy of oxygen reduction to water is used by the cell to synthesize ATP. Mitochondrial by cytochrome c oxidase is a dimer, each monomer is composed of 13 subunits. The enzyme contains cytochromes a and a 3 , one binuclear copper complex Cu a , one mononuclear coper site Cu b and one bound Mg 2+ per monomer. 1 It has a molecular mass of about 180000 -200000 kDa for the most active form. Cytochrome oxidases can transport up to eight H + across the membrane per four electrons, with four H + binding to the reaction complex during dioxygen reducrespiration photosynthesis tion to water and another up to four protons transported across the membrane and used in ATP synthesis. Charge transfer across the octane/water interface catalyzed by cytochrome c oxidase was studied in refs. [2] [3] [4] Experiments with cytochrome c oxidase in the oil/water system showed that, when an enzyme suspension is added to the octane-water system, some of the enzyme molecules adhere to the interface. As a result, when )). As the field progresses after this pioneering observations, it became clear that the first step of dioxygen reduction is two-electron concerted process. As follows from thermodynamics energy for the H + -pump functioning is liberated only at the last two steps of water formation on addition of third and fourth electrons independently of the reaction pathway. The media reorganization energy corresponding to simultaneous electrons and protons transfer will be minimal in the case then the directions of their transfers are close. In mitochondrial cytochrome c oxidase the donor of electrons is placed on the side C and the protons comes from the side M. In this case the minimal activation energy will be achieved at maximal possible at given geometry of the system angle between the directions of electrons and protons transfer.
Keywords Cytochrome oxidase, charge transfer, multielectron reactions, oxygen reduction † To whom correspondence should be addressed. cytochrome c is present, a negative interfacial potential shift occurs upon addition of ascorbate. The negative potential shift arising at the liquid/liquid interface decreased to zero when inhibitors of cytochrome c oxidase such as cyanide or polylysine were added. Kharkats and Volkov first presented proofs that cytochrome c oxidase reduces molecular oxygen by synchronous multielectron mechanism without O 2 -intermediate formation. [5] [6] [7] [8] Our calculations predicted that the first step in dioxygen reduction by cytochrome c oxidase should be concerted multielectron process although oxygen intermediates at room temperature were not detected before our estimations. 5, 7, 8 As the field progresses after this pioneering observations, it became clear that the first step of dioxygen reduction is two-electron concerted process. [9] [10] [11] [12] Discussed in the present communication are thermodynamics and kinetics of synchronous 2:1:1-electron and 2:2-proton pump mechanisms of cytochrome c oxidase functioning.
The 1:1:1:1-electron mechanism of oxygen reduction by cytochrome oxidase was most frequently discussed in biochemistry before publication of kinetic and thermodynamic estimations of oxygen reduction by cytochrome c oxidase. 7 The reaction in Fig. 2 implies that the Gibbs free energy of the first electron transfer from cytochrome c through cytochrome c oxidase to O 2 is positive. As a result, this route either should not be followed or the reaction rate should be extremely low. Since the Gibbs free energy of O 2 binding in the catalytic site of cytochrome oxidase is -21 kJ/mol 12 , the cytochrome c redox potential is 0.25 V and the standard Gibbs free energy of the first electron donation to oxygen is +55 kJ/mol (pH=7). The Gibbs free energy of the reaction
in a cytochrome oxidase catalytic site is equal to +101 kJ/mol. Activation energy for O 2 reduction by fully reduced cytochrome oxidase amounts to 16 kJ/mol. 14 Since the Gibbs free energy of the endothermic reaction (2) is 6 times the measured activation energy for O 2 reduction by cytochrome oxidase, the one-electron mechanisms 1:1:1:1, 1:2:1, 1:1:2, and 1:3 are unlikely at room temperature. [5] [6] [7] [8] They could only be feasible if the energy of the one-electron intermediate binding was negative but greater than 85 kJ/mol in magnitude. Such significant energy of covalent binding allows this intermediate to be detected experimentally. However, it has not been detected thus far. The fact that the first electron addition to O 2 is endothermic accounts for the relative chemical inertness of oxygen in nature and permits the existence of life on Earth. 5 The high energy of oxy-intermediate binding places strong restriction on the energetics of the next step, including the second electron transfer and formation of a peroxide intermediate. The probability of such a pathway is too small due to kinetic and thermodynamic limits. Therefore, evolution could reserve ecologically clean sequential 2:1:1-mechanism with intermediates tightly bound at the catalytic site. A possible mechanism of dioxygen reduction by cytochrome c oxidase is outlined in Fig. 3 and will be considered in detail after a discussion of the thermodynamic and kinetic aspects of the problem.
Synchronous multielectron reactions may proceed without the formation of intermediate radicals, which are highly reactive and can readily enter a side reaction of hydroxylation and destruction of the catalytic complex. Since multielectron reactions do not poison the environment with toxic intermediates (and so are ecologically pure), they are used by nature for biochemical energy conversion in respiration and photosynthe- 28 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 sis. [5] [6] [7] [8] 11, 12 In the multielectron reaction that takes place in a series of consecutive one-electron stages, the Gibbs energy necessary per single electron transfer obviously cannot be completely uniformly distributed over the stages. The energy needs for various stages will be different and the excess energy in the easier stages will be converted into heat. In a synchronous multielectron reaction the energy will be used very economically.
One of the important parameters in the modern quantum theory of charge transfer in polar medium is the medium reorganization energy, E s , that determines activation energy. Medium reorganization energy for reactions involving charge transfer or redistribution in reagents with complex charge distribution has been evaluated previously. 15 Reagents and products can be represented by a set of N spherical centers arbitrarily distributed in a polar medium. The charges of each of the reaction centers in the initial and final state are z i and z f , respectively. Taking R k to represent coordinates of the centers and ε i for dielectric constants of the reagents it follows that:
are charge numbers of particle k in the initial and final states, respectively, a p is the radius of particle p, R k is the coordinate of k-particle center, and ε i is the dielectric constant of reactant. Reactions with synchronous transfer of several charges present a particular case of Eq. (3). As a particular case, Eq. (3) gives medium reorganization energy for several simultaneous charge transfer reactions.
Reaction center architectonics
Equation (3) provided conditions for the structure of a cytochrome c oxidase catalytic site necessary for dioxygen reduction to occur by the concerted 2-electron mechanism. To lower medium reorganization energy and, therefore, activation energy, the following are necessary:
• The dielectric constant of the medium where oxygen reduction takes place should be low, that is, the catalytic site should be immersed in the hydrophobic phase of the membrane (protein).
• There should be two spatially separated electron donors. For the mechanism proposed, these are cytochrome a 3 and protein-copper complex Cu b .
• It is desirable that electron transfer via cytochrome c oxidase be accompanied by the transport of cations (e.g., protons). If electron transfer via cytochrome oxidase is coupled with proton transport across the
ε ε ε mitochondrial membrane, energy liberated in reaction (1) will be consumed for useful work instead of being converted to heat.
• The radii of electron donors should be sufficiently large. This is achieved by using not free metal ions, but their organic complexes (hemes and cysteines) with systems of conjugated bonds and ligands capable of participating in redox reactions.
• If electron transfer via cytochrome oxidase is coupled with proton transport across the mitochondrial membrane, energy liberated in reaction (1) will be consumed for useful work instead of being converted to heat.
The bridge electron transfer mechanism
Electrons generated in the oligoenzyme complexes of the mitochondrial respiratory chain are transferred to the cytochrome c oxidase active site by a one-electron bridge mechanism. The reduction of the oxygen molecule to water requires the stepwise transfer of four electrons from cytochrome c to cytochrome a and a 3 as well as to two Cu-containing proteins, Cu a and Cu b . A quantum mechanical calculation has been made of the probability of electron transfer via an intermediate virtual state as a possible model of an electron mechanism with an activated outer sphere and a bridge ion. 15 The stepwise transfer of electrons from cytochrome c to cytochrome a 3 via cytochrome a is kinetically favorable due to a substantial decrease in medium reorganization energy for direct electron transfer from cytochrome c to cytochrome a 3 . The midpoint redox potential of cytochrome c may be not smaller, but even greater than the midpoint redox potential of cytochrome a. It is essential that only the minimum of the intermediate term on the reaction energy diagram be below the cross-point of the initial and final terms.
Activation energy and mechanism of dioxygen reduction
Studies on the temperature dependence of the oxygen reduction rate have revealed that cytochrome oxidase exists in two conformations-"hot" (h) and "cold" (c). The respective activation energies, E a h and E a c are equal to 16 (at 23 -35˚C) and 60 kJ/mol (below 20˚C). 16 The low E a h value means that the one-electron mechanisms 1:1:1:1, 1:2:1, 1:3, and 1:1:2 are unlikely at temperatures higher than T c because the free energy for the transfer of the first electron from reduced cytochrome oxidase to dioxygen is 6 times the measured activation energy. If the binding energy of the one-electron intermediate a 3 -O 2 -is less than -85 kJ/mol it provides thermodynamic and kinetic possibilities for a multistep one-electron mechanism of oxygen reduction. E a can be equal to 16 kJ/mol for the one-electron mechanism of oxygen reduction according to Eq. (3) only if E s >770 kJ/mol when E comp <-85 kJ/mol. Such a high value of E s also shows that the 1:1:1:1-electron mechanism of oxygen reduction in vivo is unlikely.
For multielectron reaction 2:1:1 according to Eq. (3), E s for two-electron reactions between O 2 , a 3 and Cu b 29 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 strongly depends on the geometry and distances in the catalytic site. Only the 2:1:1-mechanism of oxygen reduction by cytochrome oxidase can be realized in vivo in "hot" conformation at room temperature.
Consider the molecular mechanism of dioxygen reduction outlined in Fig. 3 in more detail.
The oxidized catalytic site of cytochrome oxidase composed of cytochrome a 3 and Cu b is reduced via the bridge mechanism by two electrons supplied from the electron reservoir of the respiratory chain to form a reduced complex, which then binds an oxygen molecule. The reaction center is oxidized to the initial state in a two-electron synchronous reaction with the formation of a peroxide bridge between a 3 and Cu b . The partially reduced (to peroxide) oxygen molecule must be bound in the reaction center since cytochrome oxidase is known to reduce dioxygen to water without the release of any intermediates from the membrane. After that, the catalytic complex in turn accepts two electrons from the cytochrome c. In the next step, the peroxide bridge undergoes 1:1-electron reduction and protonation to water. The redox potentials of cytochrome a 3 and Cu b are about the same, which means that the energy states of all four metal centers in the reaction complex of the native enzyme are similar. This also favors concerted two-electron reactions.
Proton pump
Water molecules released during the course of oxygen reduction are removed from the hydrophobic catalytic site to the aqueous phase. Continuous removal of the product from the reaction center will shift the equilibrium of reaction (1) to the right. Energy liberated in the exothermic reaction (1) is sufficient for transporting eight H + ions across the membrane. Four of them are used with O 2 to form two H 2 O molecules. The rest of the H + ions can be transported across the hydrophobic zone of the membrane by the cytochrome oxidase H + -pump transforming the energy of ferrocytochrome c oxidation to the transmembrane gradient of electrochemical potentials of protons. Proton translocation can be direct if the ligands to redox centers provide the protons or indirect if the redox reactions cause conformational changes transmitted to proton donating groups remote from the redox centers. As follows from thermodynamics (Fig. 2) energy for H + -pump functioning is liberated only in the last steps of water formation upon the addition of the third and fourth electrons, independent of the reaction route. [8] [9] [10] The function of the protons pump after the formation of ferryl intermediate is possible only if the difference between the Gibbs energy of ferryl and peroxy intermediate binding is more negative than -35 kJ/mol.
Energy of binding of ferryl intermediate is negative and sufficiently high 17 , which makes it possible that a proton pump functions not only at the last stage of addition of the fourth electrons but also after the formation of the three-electron oxygen intermediate. The stoichiometry of proton pumping by cytochrome oxidase can be 0:2:2 if the ferryl intermediate has -35 kJ more negative energy of binding than the peroxy intermediate.
As follows from Eq.(3), medium reorganization energy corresponding to simultaneous electron and proton transfer will be minimal in the case when the directions of their transfers are close. In the case of charge transfer in cytochrome oxidase, the electron donor is placed on C side and the protons come from side M. In this case the minimal activation energy will be achieved at the maximally possible system angle between the directions of electron and proton transfer.
It is to be noted that cytochrome c oxidase can reduce O 2 without concomitant proton transfer. In such a case, the enzyme would work as a machine converting the energy of electron transfer to heat. In plant mitochondria both forms of cytochrome oxidase present. 
